-Heparanase (HPSE1) is known to be involved in mechanisms of metastatic tumor cell migration. This enzyme selectively cleaves heparan sulfate proteoglycans (HSPG), which are ubiquitously expressed in mammals and are known to be involved in regulating the activity of an array of inflammatory mediators. In the present study, we have investigated the effects of human recombinant heparanase, the inactive precursor of this enzyme (proheparanase) and enzymatically inactivated heparanase, on inflammatory cell recruitment in the rat and on human leukocyte-endothelial adhesion in vitro. Intraperitoneal injection of heparanase (500 g) induced a significant inflammatory cell infiltrate in the rat, as assessed by peritoneal lavage 4 h later. Intravital microscopy of the mesenteric microcirculation of anesthetized rats showed an increase in rolling and adherent cells in postcapillary venules that was sensitive to heparin, a nonselective inhibitor of heparanase activity. In vitro, heparanase augmented the adhesion of human neutrophils and mononuclear cells to human umbilical vein endothelial cells in a concentration-dependent manner. Proheparanase had similar effects to the active enzyme both with respect to leukocyte accumulation in the peritoneal cavity and adhesion in vitro. However, heat-inactivated heparanase induced cell adhesion in vitro but was without effect in vivo. Together, these data indicate a role for heparanase in inflammatory cell trafficking in vivo that appears to require enzymatic activity. cell trafficking; heparan sulfate; inflammation; mononuclear leukocyte; neutrophil THE HUMAN ENDO-␤ GLUCURONIDASE, heparanase (HPSE1), cloned in 1999 (13, 35) , is known to be involved in mechanisms of metastatic tumor cell migration into tissues. The substrates of this enzyme are heparan sulfate proteoglycans (HSPG), which are ubiquitously expressed throughout the body (4, 36) and form a major component of the subendothelial matrix, as well as being strongly expressed as part of the glycocalyx on the surface of endothelial cells and circulating blood elements, affording negative charge density to cell surfaces. Loss of this charge is known to be associated with leukocyte adhesion (29) . It has also been suggested that, at least during sepsis, HPSE1 may well contribute to the observed loss in endothelial HSPG (29) . Inhibition of heparanase using antisense strategies (7, 34) , heparin (26, 28) , or relatively selective inhibitors such as phosphomannopentaose (PI-88) (3, 14) is effective in reducing tumor cell adhesion, migration, and subsequent colonization in tissues, and this enzyme is an established therapeutic target for the development of anticancer drugs (23) . However, fewer studies have investigated the role of this enzyme in leukocyte emigration during inflammatory responses, which shares many similarities with tumor cell metastasis (37) . Indeed, the wellestablished role of HSPGs in the physiological functioning of a range of inflammatory mediators, including chemokines (20, 21, 27, 38) , growth factors (10, 27) , and certain adhesion molecules (38) , suggests that enzymatic disruption of these proteoglycans should impact upon inflammatory responses. Furthermore, it is known that heparan-degrading enzymes are released by certain leukocytes when they diapedese (19, 22) and by endothelial cells in response to proinflammatory stimuli (5, 8) . It is also known that these enzymes are inhibited by heparin (2), accounting for some of the described anti-inflammatory effects of this structural relative of heparan sulfate (16) . For example, when heparin is used at low doses in models of inflammatory disease, especially in lymphocyte-driven processes such as allergic encephalomyelitis (19) , delayed-type hypersensitivity (33) , and graft vs. host reactions (26) , it significantly reduces leukocyte infiltration into tissues. Moreover, the development of delayed-type hypersensitivity reactions in mice has been found to correlate with endothelial heparanase production and to be sensitive to inhibition of this enzyme (8) .
The HPSE1 enzyme is initially synthesized as a 65-kDa inactive precursor, proheparanase (pro-HPSE1) (9) , which is then processed into an active form in lysosomes (30) in a pH-dependent manner (6) . The active form of the enzyme is comprised of and secreted as a heterodimer, with subunits of 50 and 8 kDa, respectively (9) . It has been shown that that both pro-HPSE1 (32) and active HPSE1 (12) can mediate cell adhesion via mechanisms unrelated to enzymatic activity. This appears to be a ␤ 1 -integrin-dependent process and also utilizes cell surface HSPG (32) , presenting a further mechanism by which heparanase may promote inflammation in vivo, in addition to those mechanisms likely to be dependent on cleavage of cell surface and matrix HSPG.
In the present study, we examined the effects of pro-HPSE1, HPSE1, and enzymatically inactivated HPSE1 [heat inactivated (HI-HPSE)] on human neutrophil and mononuclear cell adhesion in vitro, as well as the possible proinflammatory effects of these molecules in vivo in a rodent model of peritoneal inflammation.
MATERIALS AND METHODS
Expression and purification of heparanase enzymes and preparation of HI-HPSE1. HPSE1 was expressed, purified, and analyzed as described previously (24) . HI-HPSE1 was prepared by heating HPSE1 protein to 80°C for 45 min, followed by cooling to room temperature and ultracentrifugation. The protein content in the resultant solution was confirmed by Bradford assay, and the loss of enzymatic activity was confirmed by lack of ability to cleave FITC-heparan sulphate (24) .
The pro-HPSE1 cDNA was PCR amplified from a mammary gland cDNA library (Clontech) using pfu turbo polymerase (Stratagene) and the following cycling conditions [94°C 1', (94°C 30 s, 60°C 30 s, 72°C 2') 30 cycles, 72°C 10', 4°C]. Primers used were forward: 5=-ccc ggg cag gac gtc gtg gac ctg gac ttc ttc acc-3= and reverse: 5=-gaa ttc tca gat gca agc agc aac ttt ggc att tct-3=. PCR product was separated using standard agarose gel electrophoresis techniques, gel purified (Qiaquick-Qiagen), and then cloned into pZero blunt vector (Invitrogen). Correct sequence was verified by sequencing with dideoxy dye terminators (ABI big dye version 1.1). The product was excised from pZero blunt by double digestion with Sma1/EcoR1 enzymes (Promega) and ligated into the baculovirus transfer vector pAcGP67A (Pharmingen) cut with the same enzymes. pAcGP67A:pro-HPSE1 transfer vector was cotransfected, along with baculovirus DNA into sf9 cells exactly as described previously (24) . Secreted protein was collected and purified by heparin sepharose chromatography as described previously. Average yields were ϳ6 mg/l of purified protein at Ͼ90% purity as visualized by SDS-PAGE Coomassie blue staining. All recombinant proteins were concentrated to 1 mg/ml in a final buffer containing 25 mM Tris·HCl pH 7.5 and 150 mM NaCl and kept at 4°C for immediate use or Ϫ80°C for long-term storage.
In Systems) or the study compounds in a total volume of 500 l. Four hours later, animals were either euthanized and the peritoneal cavity was lavaged with 20 ml saline, or they were anesthetized [thiobutabarbital sodium (Inactin RBC); 100 mg/kg ip; Sigma-Aldrich] for intravital microscopy. Total cells in lavage fluids were counted, and differential cell counts were obtained from cytospin preparations, stained using the DiffQuick system (Gamidor). Anesthetized animals were maintained at 37°C on a heated microscope stage. Single loops of terminal ileum were carefully exteriorized, following midline incision. Sections of mesentery were placed over an optical window within the stage and superfused with bicarbonate buffer. Unbranched, postcapillary venules were viewed under a Zeiss Axioskop 2 FS microscope, fitted with a ϫ40 water-immersion lens and a ϫ10 eyepiece. Digital images were captured using a Sony XC-003P color vision digital camera, and images were viewed and recorded for subsequent offline analysis using Axiovision Software (Image Associates). Animals were euthanized at the end of experiments. Leukocyte rolling flux was quantified as the number of rolling cells passing a fixed point on the venular wall per minute. Adherent leukocytes were considered those cells that were stationary for at least 30 s within a given 100-m vessel wall segment.
In vitro adhesion assays. Leukocyte-endothelial adhesion was examined using an assay described previously (15, 31) . Peripheral venous blood was drawn from healthy volunteers into citrated tubes. Healthy blood donors were recruited, written informed consent was provided, and samples were obtained under the approval of the Research Ethics Committee of King's College London. Neutrophils and peripheral blood mononuclear cells (PBMCs) were isolated by standard density-dependent centrifugation on Histopaque-1077 and were radiolabeled with sodium 51 chromate (37 kBq per 10 6 cells; Amersham). Human umbilical vein endothelial cells (HUVECs; Cambrex), at passage five or below, were cultured to confluency in supplemented MCDB 131 medium (Cambrex) in the central 60 wells of flatbottomed 96-well plates (200 l culture medium per well; 5% CO 2; 37°C). Some wells were stimulated for 6 h with human rIL-1␤ (100 U/ml; Sigma-Aldrich) before use in adhesion assays. Monolayers were washed with warmed HBSS before addition of 200 l radiolabeled leukocyte suspension per well (10 6 cells/ml) in the absence and presence of test compounds. Plates were incubated for 30 min (37°C), and nonadherent cells were then removed by gentle aspiration and washed with warmed HBSS. Following assessment of monolayer integrity by microscopy, adherent cells were lysed with 1% Igepal (Sigma) and samples were transferred to scintillation vials and ␥-counted, alongside samples of the original radiolabeled leukocyte suspension (input). The number of adherent cells was calculated as the percentage of input counts present in sample counts, corrected for background radioactivity.
RESULTS

Heparanase induces inflammatory cell recruitment in vivo.
Administration of recombinant HPSE1 to the peritoneal cavity of the rat induced a robust infiltration of leukocytes to this site (Fig. 1) , which was similar in magnitude to that elicited by IL-1␤; this cytokine was used as a positive control in all experiments with heparanase enzymes, due to its well-characterized proinflammatory effects in the models used. We went on to examine the effect of HPSE1 on leukocyte rolling and adhesion in the mesenteric microcirculation of the rat using intravital microscopy. HPSE1 increased the number of rolling and adherent cells in postcapillary venules, again, to a similar extent as IL-1␤ (Fig. 2, A-D) . In these experiments, we sought to examine the effect of inhibiting the enzymatic activity of HPSE1 on inflammation. Heparin is a nonselective inhibitor of heparanase and is known to affect leukocyte adhesion in its own right. However, it is notable that, in our experiments, heparin inhibited the response to HPSE1 (Fig. 2, C and D) , in particular with respect to adhesion, at lower concentrations than those required to modulate the cytokine-induced response (Fig. 2, A and B) . This is commensurate with the heparanase inhibitor activity of heparin, which occurs at lower concentrations than those required for other potentially anti-inflammatory activities of this molecule (16) .
Proheparanase induces cell recruitment in vivo but heatinactivated heparanase does not. An important question lies in whether heparanase needs to be catalytically active to induce inflammation in vivo, given reports that this molecule possesses proadhesive effects in vitro that are independent of HSPG cleavage (12, 32) . Therefore, we examined the effects of both the inactive precursor of HPSE1 and heat-inactivated HPSE1 enzyme on cell recruitment to the peritoneal cavity. Human recombinant pro-HPSE1 was expressed and purified (summarized in Fig. 3, A and B) and was found to induce an inflammatory response that again was comparable to that elicited by IL-1␤. By contrast, heat-inactivated heparanase (HI-HPSE1) had no effect in this model (Fig. 3C) . 
Heparanase induces and enhances leukocyte-endothelial interactions in vitro in a manner that is not dependent on enzymatic activity.
Having found differential effects of pro-HPSE1 and enzymatically inactive, HI-HPSE1 in vivo, with respect to inflammatory cell accumulation, and in light of previous reports that cell adhesion can be enhanced by pro-HPSE1 in vitro in a manner independent of enzymatic activity (12, 32) , we were interested to apply these proteins to an in vitro model of leukocyte-endothelial adhesion. Heparanase concentration dependently increased the adhesion of both neutrophils (Fig. 4A, closed squares) and PBMCs (Fig. 5A, closed  symbols) to cultured HUVEC monolayers, compared with the basal adhesion seen in unstimulated control wells (Figs. 4D  and 5D, closed bars) . Interestingly, when endothelial cells were prestimulated with IL-1␤, which enhances subsequent leukocyte adhesion to these cells ( Figs. 4D and 5D ; open bars show the IL-1␤-induced adhesion seen in stimulated control wells), the presence of HPSE1 further augmented adhesion, again in a concentration-dependent manner ( Fig. 4A and 5A , open squares). Therefore, we investigated the effects of pro-HPSE1 in the same model and found that adhesion was similarly promoted (Figs. 4B and 5B). These data suggest that either endothelial cells or leukocytes, or both, possess the necessary machinery for processing of pro-HPSE1 to its active form or simply that the protein does not require enzymatic activity for its proadhesive effects in this in vitro system. To address this point further, we assessed the effects of HI-HPSE1 and found that, despite a lack of HSPG-degrading activity, adhesion was still enhanced (Figs. 4C and 5C ). Finally, we heat-inactivated pro-HPSE1 in the same manner and found that this material, by contrast, was entirely without effect under any of the experimental conditions tested (data not shown), suggesting that any proadhesive effects that are retained after heat inactivation are restricted, nonetheless, to actively processed heparanase.
DISCUSSION
The results of this study show that heparanase proteins are capable of modulating inflammatory cell adhesion in vitro and trafficking in vivo. In vitro, HPSE1, pro-HPSE1, and HI-HPSE1 all increased the adhesion of both neutrophils and PBMCs to cultured endothelial monolayers. By contrast, in vivo, HPSE1 and pro-HPSE1 induced the infiltration of inflammatory cells to the peritoneal cavity, whereas HI-HPSE1 was without effect. It is most likely that the effects of HPSE1 in vivo depend at least in part on enzymatic activity, given that the heat inactivated form of the enzyme, shown to lack the ability to cleave HSPG, was without effect despite being able to induce adhesion in vitro, and the effects of native HPSE1 in vivo were sensitive to inhibition by heparin. It is logical that cell recruitment in vivo, in the presence of shear force at the vessel wall and a matrix-bound chemotactic gradient, would be sensitive to HSPG degradation, and our results indeed suggest the enzymatic activity of HPSE1 to be involved in the proinflammatory effects seen in vivo. However, and in accordance with previous studies, our data suggest that breakdown of extracellular matrix or cell surface HSPGs is unlikely to be required for the firm adhesion of immune cells to endothelium per se, as HI-HPSE1 was found to induce adhesion to the same extent as the untreated molecule in vitro. As described previously, with respect to lymphocytes (32), the enzymatically inactive proenzyme pro-HPSE1 also induced the adhesion of both PBMCs and neutrophils in our assay. Clearly, it is possible that the moiety required for these proadhesive effects is present on all three forms of the protein and would appear not to be destroyed by heat inactivation, given the effect of HI-HPSE. However, we also found that heat treatment of pro-HPSE1 removed its proadhesive activity. It has previously been shown that pro-HPSE1 and pointmutated, enzymatically inactive HPSE enhanced adhesion in vitro by promoting the clustering of cell surface HSPGs, an effect that is shared by a heparin/heparan-binding peptide sequence of HPSE1, Lys 158 -Asp 171 (18, 27) , which maps to the NH 2 terminus of the 50-kDa subunit of active HPSE1 (17) . It is possible, therefore, that destruction of the tertiary structure of pro-HPSE1 by heat treatment serves to make this important sequence, which also corresponds to a potential cleavage site on pro-HPSE1 at Gln 157 -Lys 158 (1, 9) , functionally inaccessible. Furthermore, pro-HPSE1 has been shown to induce Akt phosphorylation in endothelial cells in a manner that is independent of both enzymatic activity and the presence of HSPG and that is thought to contribute to the proangiogenic role of the protein. (11) . This property may additionally be involved in regulating the trafficking of leukocytes in vivo, given that phosphatidylinositol 3-kinase activity within endothelial cells has been shown to be required for the diapedesis stage of lymphocyte extravasation, following their firm adhesion (25) . Importantly, activation of endothelial phosphatidylinositol 3-kinase signaling by pro-HPSE1 was associated with its uptake and preceded processing to active HPSE1 (11) , which may in part explain why heat inactivated, "processed" HPSE1 lacks activity in vivo; enzymatic activity is lost and at least one alternative, nonenzymatic mode of action is non-applicable. Interestingly, the cellular infiltrate seen in response to HPSE1 or pro-HPSE1 comprised a greater proportion of mononuclear cells than the neutrophil-dominated IL-1␤-induced infiltrate. While it is not possible to compare directly the responses to IL-1␤ and heparanase enzymes, given the large difference in total protein administered, we believe that the IL-1␤ controls serve as a useful comparator in these experiments and were included on account of the robust and welldescribed effects of the cytokine in these models. We also found that coadministration of HPSE1 or pro-HPSE1 with IL-1␤, at the same doses used in the single stimulus experiments, led to no additional increase in cell numbers and also showed a neutrophil dominant lavage (data not shown). A plausible explanation is that HPSE1 has differential effects on leukocyte subtypes, possibly via ␤ 1 -integrin-mediated effects (32) , thus selectively promoting mononuclear cell, over neutrophil, adhesion in the mesenteric microcirculation. The pulmonary endothelial glycocalyx has recently been observed to regulate neutrophil adhesion and lung injury during sepsis (29) , and inhibition of HPSE1 prevented the glycocalyx loss and neutrophil adhesion associated with endotoxemia (29) . These results are consistent with our data presented here that implicate heparanase as a proinflammatory substance.
In conclusion, these data provide further evidence of a role for heparanase proteins in the context of inflammation. They also suggest that the enzymatic activity of heparanase, or at least the ability to be processed to an enzymatically active form, is essential for its proinflammatory activity in vivo.
